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A combination calcium selective and oxygen electrode system was used to measure the Caz+ and 0, concen- 
trations of a solution surrounding mangrove PS II particles. Concomitant uptake of Caz+ and oxygen volu- 
tion in the light were observed. The Ca *+ bound during the light was released in a subsequent dark period. 
The Ca2+ binding was dependent on both chlorophyll and Ca2+ concentrations. Upto 3000 Ca2+ were calcu- 
lated to be bound per reaction centre. 
Ca2+; Oxygen evolution; Photosystem II
1. INTRODUCTION 
Ca2+ has been shown to stimulate the oxygen 
evolution activity of PS II preparations, par- 
ticularly those depleted of the 23 and 18 kDa 
polypeptides associated with the oxygen evolving 
complex [l-7]. The function of Ca2+ in photosyn- 
thetic oxygen evolution has yet to be elucidated, 
although its site of action has been located on the 
oxidising site of PS II [8] and is suggested to have 
a role in the oxygen evolving step of the water split- 
ting reaction [9]. It has also been proposed that the 
23 kDa polypeptide has a role in providing a high 
affinity binding site for Ca2+ [6,10]. 
In the present study a calcium selective lectrode 
was used to measure simultaneously Ca2+ uptake 
from solution (and hence Ca2+ binding) and ox- 
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ygen evolution activity by PS II membranes 
isolated from the mangrove Avicenniu marina. 
2. MATERIALS AND METHODS 
Mangrove PS II particles were prepared as 
described [S], and washed once in 40 mM Mes- 
AMPD (pH 6.5), 10 mM NaCI, 5 mM MgClz and 
2 mM EGTA to remove any residual Ca2+ bound 
to the membrane. Ca2+ uptake and oxygen evolu- 
tion were measured simultaneously using a Clark 
type oxygen electrode with a calcium selective lec- 
trode (Radiometer F2112) inserted into the cuvette. 
The Ca2+-selective lectrode system has been 
described [11,12] except that the flow-through 
system was not used here. The incubation mixture 
was coupled to a reference electrode (Radiometer 
K801) via an agarose-KC1 salt-bridge. The Ca2* 
electrode signal was recorded by a Spectra Physics 
SP4100 computing integrator. 
The assay buffer consisted of 25 mM Mes- 
AMPD (pH 6.5) with NaCl and CaClz added as in- 
dicated in the figure legends, Cl- always being 
100 mM. 1 mM KJFe(CN)h and 0.26 mM PBQ 
were added as electron acceptors. Light was pro- 
vided by a slide projector and passed through a 
piece of thin red cellophane with an absorption 
cut-off below 600 nm. Chlorophyll was deter- 
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Fig. 1. Calcium electrode (upper) and oxygen electrode (lower) traces measured simultaneously. All samples contained 
0.5 mM CaClz and 99 mM NaCl in the assay buffer except for c which contained 1 mM CaCl2 and 98 mM NaCI. (a) 
3.75 pg Chl-ml-‘; (b) 7.25 pg Chl-ml-‘; (c) 3.75 pg Chl-ml-‘, 1.2pM DCMU; (d) 7.25 pug Chlaml-’ with no electron 
acceptors; (e) no chlorophyll. 1, light on; t, light off. In trace b oxygen evolution ceased before the light was turned 
off and the Ca2+ binding was irreversible. 
mined as in [ 131 and LiDS-PAGE was performed 
as described in [14]. 
3. RESULTS 
Light induced Ca*+ binding to the mangrove 
PS II particles was concomitant with the induction 
of oxygen evolution (fig.la). In the subsequent 
dark period Ca*+ was released from the mem- 
branes. Depletion of electron acceptors led to 
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Fig.2. Response of Ca2+ binding to chlorophyll 
concentration. The highest point occurred after 
depletion of electron acceptors and irreversible Ca2+ 
binding (see also fig. lb). All samples contained 0.5 mM 
CaC12, 99 mM NaCl in the assay buffer. 
largely irreversible Ca*+ binding and cessation of 
oxygen evolution in the light (fig.lb). Addition of 
1.2 flcM DCMU to the assay dramatically reduced 
Ca2+ binding and oxygen evolution activity (fig.lc) 
as did failure to add any electron acceptors 
(fig.ld). Buffer plus electron acceptors without 
membranes did not induce Ca*+ uptake signals 
(fig. le). 
Ca2+ binding by the mangrove PS II membranes 
was dependent on chlorophyll concentration 
(fig.%). Chlorophyll concentrations above 6 g. 
ml-’ resulted in depletion of electron acceptors 
and rapidly brought about irreversible Ca*+ bin- 
ding. This also induced more Ca*+ to bind, but 
presumably in a non-specific manner. For this 
reason most assays were conducted at a lower 
chlorophyll concentration of 3.75 pg -ml-‘. 
Ca2+ binding was also dependent on Ca*+ con- 
centrations with a linear response up to 2 mM 
Ca*+ (fig.3A). This correlated with an increase in 
oxygen evolution which becomes maximal at this 
concentration (fig.3B) (51. At 2 mM external Ca*+, 
it was calculated that a maximum of 3000 Ca*+ 
bind per reaction centre (assuming 220 Chl per 
reaction centre [ 151). 
The mangrove PS II particles used here were 
depleted of the 23 and 18 kDa polypeptides (fig.4) 
resulting in a preparation where Ca2+ has its max- 
imum effect on oxygen evolution [5]. 
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Ca2+ binding (A) and oxygen evolution (B) to CaCl2 concentration. Samples contained 3.75 pg 
Chl.ml-r. 
Fig.4. LiDS-polyacrylamide gel of PS II membranes. 
Lanes: 1, spinach PS II membranes; 2, mangrove PS II 
membranes; 3, molecular mass markers of 130, 94, 67, 
43,29,20.1, 17.2, 14.3, 11.7and5.7 kDa. Thepositions 
of the 23 and 18 kDa polypeptides are indicated. These 
are absent from the mangrove PS II membranes as 
shown previously by Western blotting [22]. 
4. DISCUSSION 
Ca2+ binding to PS II membranes isolated from 
mangrove is light induced and reversible in the 
dark. This pool of reversibly bound Ca2+ is not re- 
quired for oxygen evolution to occur, but max- 
imises the oxygen evolution rate. The binding is 
dependent on Ca2+ in the external medium and up 
to 3000 Ca2+ may be required to bind per reaction 
centre. This rather large number indicates that our 
method may not distinguish between specific and 
non-specific binding. It may also suggest that Ca2+ 
binding is not necessarily confined to a specific 
protein. These possibilities have to be investigated 
further, particularly with regard to the role(s) of 
the 23 and 18 kDa polypeptides which of course 
are absent from the preparations used in this 
study. 
It has been suggested that the 23 and 18 kDa 
proteins provide a high affinity binding site for 
Ca2+ [6, lo], although they clearly are not responsi- 
ble for the light-dependent binding of this par- 
ticular pool of Ca2+. They may however modify 
the Ca2+ binding sites found here. The Ca2+ 
binding site does not seem to be restricted to the 
33 kDa polypeptide either [16,17], but may 
perhaps involve the 13 kDa Ca2+ binding polypep- 
tide of otherwise unknown function isolated by 
Sparrow and England [18]. 
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The role of Ca2+ in photosynthetic oxygen 
evolution is still to be elucidated. Our observations 
of light-induced Ca2+ binding and release in the 
dark strongly suggest that Ca2+ is required for one 
or more of the S-states of photosynthetic oxygen 
evolution [ 191. This is unlikely to be the Si state as 
at pH 6.5 all or nearly all of PS II are in this state 
in the dark [20]. More likely, Ca2+ is required for 
the S3 to So transition as suggested by Boussac et 
al. [9]. There is, however, also evidence that in 
Synechococcus PS II preparations Ca2+ is essential 
for electron transport from the primary donor Z to 
the reaction centre P-680 [21]. 
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